A spectrum of crotonaldehyde-induced mutations in the supF gene of the shuttle vector plasmid pMY189 replicated in human fibroblast cells was examined. Base sequence analysis of 104 plasmids with mutations in the supF gene revealed that the majority of the mutations were base substitutions (85%) and the rest were frameshifts (15%). A single base substitution was most frequently found (47%), while 25% had multiple base substitutions and interestingly 13% had tandem (adjacent two) base substitutions. Of the base substitution mutations, 50% were G:C→T:A transversions and 23% were G:C→A:T transitions. The mutations were not distributed randomly but were located at several hotspots, most of which were G:C base pairs in 5Ј-AAGG-3Ј (or 5Ј-CCTT-3Ј) sequences. Production of propanodeoxyguanosine adducts may be related to such specificity in the mutation spectrum.
Introduction
Crotonaldehyde ( Figure 1 ) is one of the α,β-unsaturated carbonyl compounds that is present in our environment as a commonly-used industrial chemical, a natural product of widespread occurrence, an environmental contaminant and the product of endogenous metabolism in human beings (1) . Crotonaldehyde is mutagenic to bacteria Salmonella typhimurium without metabolic activation (2) and carcinogenic to rats (3) .
Crotonaldehyde reacts with DNA bases in vitro, producing 8-hydroxy-6-methyl-1,N 2 -propanodeoxyguanosine, a cyclic 1,N 2 adduct (4). This crotonaldehyde-derived 1,N 2 -propanodeoxyguanosine adduct (CRdG*) ( Figure 1 ) is detected in animals exposed to carcinogens such as cyclophosphamide and Nnitrosopyrrolidine (NPYR) (5, 6) . Foiles et al. (7) showed that CRdG was present in DNA of cultured Chinese hamster ovary cells treated with crotonaldehyde. CRdG was also formed in DNA of various tissues from humans and rodents without any specific treatment, presumably due to the endogenous formation (8, 9) .
Site-specific mutagenesis studies using 1,N 2 -propanodeoxyguanosine (PdG) (Figure 1 ), which has a structure similar to CRdG, demonstrated that the propano adduct caused frameshifts (deletions) and base substitutions in DNA propagated in bacteria and mammalian cells. When viral DNA containing PdG in the CG repeats was introduced into Escherichia coli, frameshift mutations were frequently detected (10) . When plasmids containing the PdG were replicated in simian kidney (COS) cells or in E.coli, the predominant base substitution was PdG to T in both cells, and significantly high frequency of PdG to A substitution was also reported in E.coli (11) (12) (13) .
We intend to produce CRdG in DNA by treating the plasmids with crotonaldehyde. The CRdG may cause mutations as PdG, with the specificity as mentioned above. Mutation spectra caused in the supF gene in the plasmids pMY189 (14) were investigated.
Materials and methods

Chemicals
Crotonaldehyde, ampicillin, chloramphenicol, nalidixic acid, isopropyl-β-Dthiogalactoside (IPTG) and 5-bromo-4-chloro-3-indoyl-β-D-galactoside (Xgal) were obtained from Wako Chemicals (Osaka, Japan). The company guarantees that purity of crotonaldehyde is Ͼ99%. LIPOFECTAMINE™ Reagent was purchased from GIBCO BRL (Gaithersburg, MD). Restriction endonuclease DpnI was obtained from New England Biolabs, Inc. (Beverly, MA). QIAGEN plasmid-kit and QIAprep-spin Plasmid kit were purchased from QIAGEN GmbH (Hilden, Germany). Cells SV40-transformed normal human fibroblast cell line WI38-VA13 (15) was obtained from the American Type Culture Collection (Rockville, MD). The cells were cultured in Dulbecco's modified minimum essential medium (Nikken, Kyoto, Japan) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT).
Shuttle vector plasmid and bacterial strains
The shuttle vector plasmid pMY189, previously constructed by Matsuda et al. (14) , was used for analysis of mutations induced by crotonaldehyde. The pMY189 was derived from the pZ189 (16) as described previously (14) . The indicator E.coli strain KS40/pKY241 (17) was kindly supplied by Dr S.Akasaka, Division of Industrial Health, Osaka Prefectural Institute of Public Health, Osaka, Japan. KS40 is a nalidixic acid-resistant (gyrA) derivative of MBM7070 [lacZ (am) CA7070 lacY1 HsdR HsdM ∆ (araABC-leu)7679 galU galK rpsL thi] (18), which has been used for detection of the mutated pZ189. The plasmid pKY241 was constructed by Akasaka et al. (17) and contains a chloramphenicol resistant marker and a gyrA(amber) gene. E.coli KS40/ pKY241 cells carrying the active supF gene are sensitive to nalidixic acid, whereas the cells carrying the mutated supF form colonies on plates containing nalidixic acid, chloramphenicol and ampicillin. E.coli cells containing the active supF gene produce blue colonies, whereas cells having the mutated supF gene produce white or light blue colonies on the selection plates.
Treatment of plasmids with crotonaldehyde, transfection to human cells, and plasmid recovery
Purified stocks of pMY189 were prepared by using the QIAGEN plasmid purification kit. The plasmids (12 µg) were treated with various concentrations of crotonaldehyde in total volume of 0.5 ml of 0.1 M sodium phosphate buffer (pH 7.4). The reaction was allowed to proceed for 5 days at 37°C. At the end of the reaction, the pH of the reaction buffer was still 7.4. The plasmids were precipitated with ethanol to remove the non-reacted excess crotonaldehyde, and were redissolved in 60 µl of water.
The human cells WI38-VA13 (80% confluent in a 60 mm tissue culture plate) were transfected with 4 µg of the crotonaldehyde-treated pMY189 DNA, with LIPOFECTAMINE™ Reagent. The cells were incubated at 37°C for 72 h in a CO 2 incubator. Then plasmids were extracted from the cells using QIAprep-spin Plasmid kit. The purified plasmids were digested with the restriction endonuclease DpnI to eliminate the non-replicated plasmids, which retain the bacterial methylation pattern. Selection of mutated supF, and determination of DNA base sequences Plasmid DNA was introduced into the indicator bacteria KS40/pKY241 by the electroporation apparatus E.coli Pulser (Bio-Rad Laboratories, Hercules, CA). The bacteria cells were plated on LB agar containing nalidixic acid, ampicillin and chloramphenicol at concentrations of 50 µg/ml, 150 µg/ml and 30 µg/ml respectively, supplemented with IPTG and X-gal to select the plasmids containing the mutated supF genes. A portion of the cells were plated on LB agar containing ampicillin and chloramphenicol to measure the total number of transformants. After incubation for 24 h at 37°C the colonies were counted and mutation frequencies were calculated.
Mutated plasmids were extracted and purified from the overnight culture with the QIAprep-spin Plasmid kit, and the size of each mutated plasmid was checked by agarose gel electrophoresis. The base sequences of the supF gene of the plasmids that were not aberrant in size were determined with the ABI PRISM™ Dye Primer (-21M13) Cycle Sequencing Ready Reaction Kit (Perkin-Elmer Corporation, Foster, CA) using the 370A automatic DNA sequencer (Perkin-Elmer Corporation, Foster, CA).
The χ 2 -goodness of fit test was used to determine if crotonaldehyde-induced base substitution mutations were distributed randomly or non-randomly over the coding region of the supF tRNA gene.
Results
Survival and mutation of plasmids
Crotonaldehyde-treated pMY189 plasmids transfected into the human fibroblast cells were incubated for 3 days to allow repair, mutation fixation and replication. Then the plasmids were extracted, and the indicator E.coli cells were transformed by the plasmids to detect survival and the crotonaldehydeinduced mutation (Figure 2) . The crotonaldehyde-treatment of pMY189 caused reduction in the ampicillin-resistant colonies, and enhanced mutation frequency of the supF gene. The background mutation frequency of the supF gene was 1.1ϫ10 -3 . Base sequence analysis Base sequences of the supF marker gene of the 104 plasmids of normal size were determined. The majority (85%) of the mutations were base substitutions, whereas only 15% showed 70 frameshift mutations (Table I) . About half of the mutant plasmids had a single base substitution, while 13% had tandem (adjacent two base substitutions) and 25% had multiple (ജ two base substitutions except for the tandem base substitutions) mutations. Sixteen (15%) plasmids had frameshift mutations and six of them had base substitutions as well. Types of the base substitutions are shown in Table II . The majority of the base substitutions (86%) were with guanine or cytosine. The most frequent mutations were G:C→T:A transversions. The next predominant mutations were G:C→A:T transitions, followed by G:C→C:G transversions.
Mutation spectrum
Distribution of the crotonaldehyde-induced base substitutions over the coding region of the supF tRNA gene is shown in Figure 3 . Identical mutants derived from the same transfection plate were not scored to exclude clusters. Mutations were not distributed randomly (P Ͻ 0.0005) but were located mostly at certain specific sites. There were four hotspots (Ͼ5 mutations), at sites 123, 133, 168 and 169, where the number of mutations observed was 4-fold or more greater than the number expected for random distribution. The most prominent hotspot was at base pair 133, at which almost all base substitutions (13 of 14) were transversions. All hotspots were located at the sites of G:C base pairs. Three of four hotspots (123, 168 and 169) were at the sites of G:C base pair in 5Ј-AAGG-3Ј (or 5Ј-CCTT-3Ј) sequences. There were 16 tandem base substitutions. Five were GG→TT (or CC→AA) base substitutions. Two GG→AA (or CC→TT) and two GG→AT (or CC→AT) base substitutions were the next predominant tandem base substitutions. Other tandem base substitutions were a GG→CT (CC→AG), a GG→TA 71 (CC→TA), a GG→TC (CC→GA), a GT→AA (AC→TT), a GT→TA (AC→TA), a GA→AC (TC→GT), and a AG→TT (CT→AA). Most of the tandem base substitutions (12 of 16) occurred at GG (or CC) sites.
The multiple mutations and frameshift mutations are listed in the legend of Figure 3 . Among 21 base substitutions at A:T sites (Table I) , 16 were found in the same genes that had multiple mutations or frameshift mutations.
Discussion
Eder and Hoffman (19) reported that crotonaldehyde forms adducts to deoxyguanosine residues by the reaction to N7 and C8 as well as to N1 and N 2 atoms (19) . They also detected bis-crotonaldehyde-deoxyguanosine adducts formed by the reaction to N1, N 2 and N7, C8 atoms (19) . In the present study, the majority (86%) of the crotonaldehyde-induced base substitutions took place at guanine or cytosine residues, which is consistent with previous studies (Table II) . Previous studies using PdG, which has a similar structure to CRdG, showed that the propano adducts primarily cause G→T transversions in both mammalian cells and E.coli, and secondarily G→A transitions in E.coli (11) (12) (13) . As given in Table II , the most frequently identified base substitutions were G:C→T:A transversions and the next predominant mutation were G:C→A:T transitions. Such specificity in the base substitutions caused by crotonaldehyde is similar to that of PdG, possibly due to the structural similarity between PdG and CRdG. Benamira et al. (10) reported that when the viral DNA containing a PdG in a CG repeat was introduced into E.coli, frameshift mutations (a two base-pair deletion in the CG repeat) was frequently detected and these mutations could be explained by the slippedmispairing model proposed by Streissinger (1). Such two basepair deletions were not detected in the CRdG induced mutant plasmids (Figure 3, legend) , presumably because CG repeat sequences are not present in the coding region of the supF tRNA gene.
Sixteen of the 104 mutant plasmids (15%) contained tandem base substitutions and most of these tandem base substitutions (12 of 16) occurred at GG (or CC) sites. There is no previous report that crotonaldehyde or propano adduct induces tandem base substitutions.
Multiple mutations were found in one fourth of the mutant plasmids sequenced. In our study, the plasmids were reacted with crotonaldehyde at high concentrations (0.6-1.8 M) and long periods of time (5 days) to detect crotonaldehyde-induced mutation, because a shorter reaction time (up to 24 h) yielded mutant plasmids with just two or three times higher mutation frequency than that of background. Such a severe treatment may have formed multiple lesions and induced multiple mutations. Multiple mutations were also suggested to be linked to the activity of the error-prone DNA polymerase (20) . Although there have not been any previous reports that crotonaldehyde reacts with deoxyadenosine or deoxythymine, 21 base substitutions at A:T sites were found (Table II) . However, 19 of them had accompanying base substitutions at G:C sites or base deletions. These base changes at A:T sites might be associated with the untargeted mutations caused by the polymerase. On the other hand, Marnett et al. (21) reported that crotonaldehyde induced base pair substitution mutation without the metabolic activation in Salmonella TA104, in which the mutational site is the nonsense sequence TAA. Acrolein, which has a similar molecular formula to crotonaldehyde, produces 1,N 6 -propano-deoxyadenosine as well as guanosine adducts (22) . Crotonaldehyde may react with deoxyadenosine as well as deoxyguanosine and may lead to mutation at A:T sites.
There were four hotspots for base substitutions induced by crotonaldehyde. The most prominent site was at base pair 133. Another three hotspots were located in the 5Ј-AAGG-3Ј (or 5Ј-CCTT-3Ј) sequence, which are same as the hotspots for 2-chloroacetaldehyde, an ultimate carcinogenic form of vinyl chloride (14) . The mechanisms responsible for the specificity at the four base sequences are not known. DNA damage may be induced or repair may be blocked selectively on these sequences by unknown mechanisms.
